Bacteria play important roles in mineral weathering, soil formation, and element cycling. However, little is known about the interaction between silicate minerals and rhizobia. In this study, Rhizobium yantingense H66 (a novel mineral-weathering rhizobium) and Rhizobium etli CFN42 were compared with respect to potash feldspar weathering, mineral surface adsorption, and metabolic activity during the mineral weathering process. Strain H66 showed significantly higher Si, Al, and K mobilization from the mineral and higher ratios of cell numbers on the mineral surface to total cell numbers than strain CFN42. Although the two strains produced gluconic acid, strain H66 also produced acetic, malic, and succinic acids during mineral weathering in lowand high-glucose media. Notably, higher Si, Al, and K releases, higher ratios of cell numbers on the mineral surface to total cell numbers, and a higher production of organic acids by strain H66 were observed in the low-glucose medium than in the highglucose medium. Scanning electron microscope analyses of the mineral surfaces and redundancy analysis showed stronger positive correlations between the mineral surface cell adsorption and mineral weathering, indicated by the dissolved Al and K concentrations. The results showed that the two rhizobia behaved differently with respect to mineral weathering. The results suggested that Rhizobium yantingense H66 promoted potash feldspar weathering through increased adsorption of cells to the mineral surface and through differences in glucose metabolism at low and high nutrient concentrations, especially at low nutrient concentrations.
S
ilicate weathering in terrestrial ecosystems plays an important role in the formation of soil and soil nutrients, in neutralization of acid rain, and in the long-term drawdown of atmospheric CO 2 (1) (2) (3) (4) (5) . Many studies indicate that bacteria can significantly affect mineral dissolution by producing acids and metal-complexing ligands, changing redox conditions, or mediating the formation of secondary mineral phases (6) (7) (8) (9) (10) . Furthermore, bacterial adhesion to minerals plays an important role in governing bacterial activities and mineral weathering (11) (12) (13) . Attached microorganisms dissolve minerals by increasing the concentration of protons, inducing the formation of mineral surface ion complexes, catalyzing redox reactions, and using physical forces (14) (15) (16) . Although reports about bacterial mineral weathering and the mechanisms involved exist (8, 10, 17, 18) , little is known about the interaction between silicate minerals and rhizobia (bacteria that fix nitrogen after becoming established inside root nodules of legumes) (9, 19) . Moreover, to our knowledge, no comparative study has been reported on the detailed interactions between potash feldspar and rhizobia, in particular, the mineral-weathering activities of Rhizobium yantingense H66 and Rhizobium etli CFN42 under different nutritional conditions. Potash feldspar is a common silicate mineral in the Earth's crust. Because of the importance of silicate minerals in soil formation and as a source of nutrients in terrestrial ecosystems, more detailed knowledge is needed about the roles that rhizobia play in silicate mineral weathering and soil formation under different environmental conditions to provide more insight into the geomicrobial contributions of rhizobia to these processes. It is well established that in addition to their symbiotic association with legumes, a rather large population of nonsymbiotic rhizobia are found in various environments, including rhizospheres, bulk soils, and wastewater (20, 21) . Apart from their capacity to fix nitrogen, rhizobia species are able to weather silicate minerals (9, 19) . In this study, we developed insight into potash feldspar weathering by rhizobia in the presence of low and high glucose concentrations. We hypothesized that the two rhizobia strains use different mechanisms in promoting mineral weathering at low and high glucose concentrations. To test these hypotheses, we used the novel mineral-weathering strain Rhizobium yantingense H66 and strain Rhizobium etli CFN42 to compare the rates and effectiveness of potash feldspar weathering, the bacterial cell adsorption capacity of the potash feldspar surface, and the production of acids and exopolysaccharides (EPS) during potash feldspar weathering by these rhizobia in media containing low and high concentrations of glucose.
The objectives of the present study were to compare potash feldspar weathering, cell adsorption capacity of the mineral surface, and metabolic differences between the novel mineral-weathering Rhizobium yantingense H66 and Rhizobium etli CFN42 under different nutritional conditions in an attempt to gain a detailed understanding of the roles that Rhizobium yantingense H66 plays in potash feldspar weathering, soil formation, and elemental cycling under different nutritional conditions.
MATERIALS AND METHODS
Rhizobial strains. Rhizobium yantingense H66 and Rhizobium etli CFN42 (the similarity of the 16S rRNA gene sequences between Rhizobium yantingense H66 and Rhizobium etli CFN42 is 95%) were used to compare the modes and mechanisms of mineral weathering. The mineral-weathering strain H66 was isolated from the surfaces of weathered purple siltstone and was determined to be a new Rhizobium species (Rhizobium yantingense) (22) . The concentrations of Si, Al, and Fe in Bushnell-Haas medium (BHm) containing 5.0% (wt/vol) biotite (50-to 150-m size fraction) and incubated for 7 days at 28°C increased 2.7-to 3.7-fold, 2.5-to 3.5-fold, and 9.6-to 17-fold, respectively, in the presence of strain H66 compared to those of the uninoculated controls. The BHm contained 0.002% KCl, 0.015% MgSO 4 ·7H 2 O, 0.008% NaH 2 PO 4 ·2H 2 O, 0.009% Na 2 HPO 4 ·2H 2 O, 0.0065% (NH 4 ) 2 SO 4 , 0.01% KNO 3 , 0.002% CaCl 2 , and 0.2% glucose (17) . Rhizobium etli CFN42 was used as a reference strain in this study.
Mineral weathering experiment with two Rhizobium strains. Potash feldspar was used as the silicate mineral in this mineral weathering experiment. The mineral was obtained from the Institute of Geology and Minerals (Nanjing, China). It was crushed in a disc vibration grinder (RS 200; Retsch, Germany). The crushed mineral was sieved to isolate the 50-to 150-m size fractions and was cleaned according to the method of Sheng et al. (23) . The elemental composition of the mineral is as follows (23) (10) . Briefly, the two rhizobial strains were cultivated in liquid tryptone-yeast extract (TY) medium (0.1% glucose, 1.0% peptone, 0.5% yeast extract, 0.5% NaCl, pH 7.0) and harvested by centrifugation. Bacterial inoculum was washed in sterile distilled water to remove the nutrients and metabolic products from the medium. Cell pellets were then resuspended in sterile distilled water to a final concentration of 10 8 cells ml Ϫ1 before the mineral weathering experiment was started. Triplicate 150-ml flasks containing 40 ml of sterilized modified BHm (containing 150 mg of 50-to 150-m particles of potash feldspar) were each inoculated with 0.5 ml of bacterial suspension. The modified BHm contained 1.0 g glucose liter Ϫ1 (low concentration of carbon source) or 5.0 g glucose liter Ϫ1 (high concentration of carbon source). The glucose served as the sole source of carbon and energy. The flasks were incubated at 28°C on a rotary shaker at 150 rpm for 15 days. Controls containing potash feldspar but no bacterial inoculum were treated in the same manner to monitor abiotic weathering. The dissolved elements (Si, Al, and K) and related parameters (cell numbers on the mineral surface and in the solution, pH, organic acid, and exopolysaccharides in the culture medium) were measured at different incubation times. In the study, we prepared individual flasks for each time point. To compensate for the evaporation of liquid from the culture medium during incubation, the volume in each flask was adjusted to 40 ml with distilled water at the time of sampling for the determination of Si, Al, and K mobilization, pH, and organic acid and exopolysaccharide production.
Dissolved Si, Al, and K and pH analyses. For the Si, Al, and K analyses, 30 ml of medium was removed from a flask and filtered through a 0.45-m-pore-size Millipore filter. Of the filtrate, 20 ml was then centrifuged at 10,000 rpm for 10 min to remove the cells. Five milliliters of the supernatant was acidified with HNO 3 (final concentration, 2% [vol/vol] ) to avoid the precipitation of dissolved chemical species and was analyzed for dissolved Si, Al, and K with an inductively coupled plasma optical emission spectrometer (Optima 2100 DV; PerkinElmer). Another 5 ml of supernatant was collected for pH determination with a pH meter (PHS-3CT).
Element dissolution rate and mineral surface analysis. Between 3 and 5 days of incubation, the releases of Si and Al were linear and the maximum Si and Al releases into the medium were observed in the presence of strain H66, but no significant changes in the Si and Al releases were found in the presence of strain CFN42 (Fig. 1) . As a result, Si and Al maximum linear releases from potash feldspar into the medium for strain H66 were calculated according to the method of Wu et al. (24) . In order to observe cell distributions and weathering on the mineral surfaces, potash feldspar grains were removed from the cultures, washed gently in phosphate buffer, and prepared for analysis by scanning electron microscopy (SEM) according to the method of Zhao et al. (9) . Briefly, mineral particles were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 h and were then washed with the buffer and dehydrated using a graded series of ethanol solutions up to 100% by passage from one concentration to the next higher at 15-min intervals. The dehydrated mineral particles were freeze-dried, stub mounted, and gold sputter coated. The recovered mineral particles were then examined by SEM (S-4800; Hitachi, Japan) performed at 20 kV acceleration voltage and at a 7-to 15-mm working distance for weathering features and microbial cell distribution patterns.
Determination of cell numbers on the mineral surfaces and in suspension in the medium and of glucose in solution. For comparison, the bacterial numbers in the culture medium and on the mineral surface were determined using ninhydrin colorimetry. Cell concentration in the culture medium was determined on a 1-ml sample. The cells were separated from the sample by centrifugation at 4,000 rpm for 5 min. The total number of cells in the 40 ml of culture medium was calculated from the number of cells found in 1 ml of the medium multiplied by 40. To estimate the total number of cells on the mineral surface, all of the mineral particles with adhered bacteria were added to tubes and washed 3 times with sulfuric acid solution (pH 2) to remove loosely held and entrapped cells (25) . The cells from the culture medium or mineral particles that contained adhered bacteria were then digested in 5 ml of 0.5 M NaOH in a boiling water bath for 25 min to digest the bacterial cells (25) . After cooling, the pH of the digest was adjusted to pH 7.0 with 0.5 M HCl, and its volume was adjusted to 5.0 ml with sterile distilled water. Then, 1 ml of digest from each sample was transferred to a clean tube, and 0.5 ml ninhydrin reagent (26) was added. The tubes were put in boiling water for 20 min. After cooling, 2.5 ml of 50% (vol/vol) ethanol was added to each tube and thoroughly mixed by vortexing. The absorbances of the solutions in the tubes were then measured at 570 nm within 1 h (27) .
In order to correlate the cell concentrations of the two strains with measured absorbances, two calibration curves were prepared, one for each of the two strains, H66 and CFN42. For this purpose, 1 ml of each of the two strains was diluted with sterile distilled water (the cells of the two strains could be viable in the distilled water), and 0.1 ml of cell suspension was plated onto each TY agar plate to determine the total bacterial number of each of the two stains. The plates were incubated at 28°C for 7 days. The number of colonies on each plate was then counted, and each of the counts was converted to the number of CFU per milliliter in the respective original culture. Standard curves showing plots of the optical density (OD) from the ninhydrin reaction of each of the cell digests against the corresponding cell concentration for strains H66 and CFN42 were made. With strain H66, the ninhydrin reaction was run on 0.05, 0.1, 0.2, 0.3, 0.5, 0.8, and 1 ml of culture suspension. With strain CFN42, the ninhydrin reaction was run on 1, 2, 3, 4, 5, 6, and 8 ml of culture suspension. Each suspension was centrifuged at 4,000 rpm for 5 min to separate the cells from the medium. The cells were then digested, and the ninhydrin reaction was run on the digest to determine the corresponding peptide concentration (26) . Each sample was analyzed in triplicate, and relative standard deviation was determined. The cell concentrations of each suspension were determined by plating.
In order to determine the residual glucose concentration in spent medium, 1 ml of culture filtrate from each flask was analyzed for glucose by the dinitrosalicylic acid method of Miller (28) , using a standard glucose calibration curve.
Determination of organic acids and exopolysaccharides. From each flask, a 2-ml sample was centrifuged at 10,000 rpm for 10 min in order to remove bacterial cells. One milliliter of supernatant from the centrifuged sample was filtered through a 0.22-m Millipore filter to remove impurities. Then, the filtrate (20 l) was subjected to organic acid determina- tion by high-pressure liquid chromatography (HPLC) (Hitachi L2000, Japan) equipped with the C 18 Agilent Zorbax SB-Aq (4.6 by 250 mm) 5-m-pore-size column (23) . The detection device was the UV-Visible 900 detector set at 214 nm. The mobile phase was a buffer of 20 mM KH 2 PO 4 with pH adjusted to 2.40 with 0.2 M H 3 PO 4 containing 1% methanol and was filtered through a 0.22-m-pore-size membrane filter (Millipore). It was fed at a flow rate of 0.6 ml min Ϫ1 . The organic acid peaks were identified and quantified by comparison with a calibrated HPLC profile of organic acid standards (Sigma). The detection limit of the tested organic acids was Յ1 to 3 g ml Ϫ1 under our conditions. The concentration of exopolysaccharides (EPS) in the culture medium was determined according to the method of Fang et al. (29) . Samples of spent medium (2.5 ml) were taken and centrifuged (5,000 rpm for 15 min and 4°C) to remove the cells. Then, the supernatant solution was centrifuged at a higher force (12,000 rpm for 20 min at 4°C) to remove residual entrained cells. EPS were precipitated by adding cold 100% ethanol to the supernatant solution at a volumetric ratio of 3:1. The mixture was then stored at Ϫ20°C for 24 h. The precipitate was separated from the ethanol suspension by centrifugation (12,000 rpm for 20 min at 4°C). Yields of EPS were estimated by the phenol sulfuric acid assay (30) .
Statistical analyses. One-way analysis of variance and Fisher's least significant difference test (P Ͻ 0.05) were used to compare the averages of pH determination, of glucose concentrations, and of the concentrations of Si, Al, and K released in the presence of the two strains compared to those from the uninoculated controls. The averages of bacterial numbers, of organic acid concentrations, and of exopolysaccharide concentrations produced by each of the two strains were also compared. Statistical analyses were carried out using SAS 8.2 (SAS Institute, Cary, NC). Redundancy analysis (RDA), to determine the correlation between the ratios of bacterial numbers on the mineral surfaces to total bacterial numbers and dissolved Si, Al, and K concentrations, was performed using the software Canoco for Windows 4.5 (Microcomputer Power, USA).
RESULTS
Element release patterns and effectiveness of the rhizobia. The patterns of element release and the effectiveness thereof differed between the two strains and at different initial glucose concentrations ( Fig. 1 ; see also Table S1 in the supplemental material). Compared with those of the controls, significantly (P Ͻ 0.05) higher concentrations of dissolved Si (between 3 and 5 days) and Al (between 5 and 15 days) were obtained in the presence of strain H66. In the presence of strain CFN42, significantly (P Ͻ 0.05) higher concentrations of dissolved Si (between 1 and 3 days) and Al (between 3 and 10 days) were obtained at the low glucose concentration and between 10 and 15 days at the high glucose concentration (Fig. 1) . Notably, at the low glucose concentration, significantly (P Ͻ 0.05) more K was mobilized between 3 and 15 days of incubation than in the absence of bacteria (control) but only in the presence of strain H66 (Fig. 1) . In the presence of strain H66, the concentrations of mobilized Si and Al increased after 3 or 5 days of incubation followed by a decline after 5 days of incubation at a low or high glucose concentration. In contrast, in the presence of strain CFN42, the concentrations of mobilized Si and Al did not change significantly between 3 and 15 days of incubation at the low or high glucose concentration (Fig. 1) .
Concentrations of mobilized Si and Al increased by 21% to 58% and by 45% to 122%, respectively, in the presence of strain H66 compared to the respective concentrations (ranging from 39.6 M to 51.3 M for Si and from 2.8 M to 6.2 M for Al) in the presence of strain CFN42. Significantly (P Ͻ 0.05) higher concentrations of mobilized Si and Al, ranging from 14% and 27%, were obtained in the presence of strain H66 at the low glucose concentration than at the high glucose concentration (Fig. 1) Ϫ11 mol m Ϫ2 s Ϫ1 at the high glucose concentration. The release rates for Si and Al from potash feldspar in the presence of strain H66 were significantly (P Ͻ 0.05) higher in the low glucose concentration than in the high glucose concentration.
SEM observations showed the morphological features of the surface of the mineral residue at the low and high glucose concentrations (see images in Fig. 2) . Because of the significantly lower adsorption of strain CFN42 on the mineral surface in this study, very few cells were observed, and no etching of the mineral surface was apparent. However, with strain H66, more adsorbed cells were observed, and etching of the mineral surface was apparent at the low glucose concentration after 15 days of incubation (Fig. 2) .
Bacterial cell numbers. A satisfactory linear relationship (R 2 ϭ 0.995 to 0.998) between the cell count and the colorimetric ninhydrin assay existed in this study. The distribution patterns of the two strains on the mineral surfaces and in the culture medium were significantly different ( Fig. 3 ; see also Table S2 in the supplemental material). On the mineral surfaces, the cell numbers of strain H66 (0.75 to 1.17 ϫ 10 8 ) were significantly (P Ͻ 0.05) higher than those of strain CFN42 (0.16 ϫ 10 8 to 0.23 ϫ 10 8 ). The cell numbers of strain H66 increased after 1 day of incubation and reached a maximum peak at 3 days of incubation followed by no further significant (P Ͻ 0.05) change in cell numbers between 5 and 15 days of incubation. With strain CFN42, no significant change in cell numbers was observed during the entire mineralweathering test at either the low or high glucose concentration (P Ͼ 0.05) (Fig. 3) . In the culture medium, the cell numbers of strain CFN42 (0.50 ϫ 10 9 to 1.62 ϫ 10 9 ) were significantly (P Ͻ 0.05) higher than those of strain H66 (2.53 ϫ 10 8 to 9.33 ϫ 10 8 ) at the low or higher glucose concentration. Similar trends in the changes of cell numbers of the two strains were observed during the mineral weathering process (Fig. 3) . Upon incubation, the cell numbers of the two strains increased after day 1, remained stable between days 3 and 5, and then decreased after day 5 at the low or high glucose concentration (Fig. 3) .
The ratios of the cell numbers on the mineral surfaces to the total cell numbers fluctuated with time for the two strains during mineral weathering processes. A maximum peak in the ratio was reached at day 1 of incubation followed by a decline in the ratio at day 3 of incubation, reaching a peak in the ratio at the end of the experiment (Fig. 3) , which suggests rapid cell adsorption on the mineral surface by the two strains. Interestingly, significantly (P Ͻ 0.05) higher ratios were observed in the low-glucose medium than in the high-glucose medium between 3 and 10 days of incubation in the case of strain CFN42 and between 3 and 15 days of incubation in the case of strain H66, indicating the higher cell adsorption abilities of the two strains in the low-glucose medium (Fig. 3) . Notably, strain H66 had significantly higher ratios of cell numbers on the mineral surfaces to total cell numbers (ranging from 9.2% to 23.5%) than strain CFN42 (ranging from 1.4% to 3.3%) in the low-or high-glucose medium, suggesting greater cell adsorption of strain H66 than of strain CFN42 under these conditions (Fig. 3) .
Residual glucose and pH of the culture medium. The residual glucose concentration in the culture medium of the uninoculated controls did not change significantly (P Ͼ 0.05) over time during mineral weathering, but it did decrease in the presence of either of the two strains ( Fig. 4 ; see also Tables S1 and S3 in the supplemental material). Furthermore, the residual glucose concentrations were not significantly different in the presence of strain H66 or strain CFN42 (P Ͼ 0.05), indicating similar glucose utilizations by the two strains in the low-glucose and in the high-glucose media (Fig. 4) . At the end of the experiment, 93% to 94% and 83% to 85% of the total glucose was utilized by the two strains in the lowand high-glucose media, respectively (Fig. 4) .
No significant change in the pH of the medium occurred in the absence of either of the two strains during mineral weathering (Fig. 1) . In the presence of either of the two strains, the pH of the medium decreased significantly after 1 or 3 days of incubation but was then stable between 3 or 5 days and 15 days of incubation in the low-and high-glucose media (Fig. 1) . The pH values ranged from 4.9 to 5.71 between 3 and 15 days of incubation in the presence of strain H66 and from 5.59 to 6.41 between 5 and 15 days of incubation in the presence of strain CFN42, indicating that strain H66 acidified the medium more during weathering than strain CFN42 (Fig. 1) .
Production of organic acids and exopolysaccharides by strains H66 and CFN42. Strains H66 and CFN42 showed different patterns of organic acid production during the mineral weathering process ( Fig. 5 ; see also Tables S3 and S4 in the supplemental material). Although the two strains produced gluconic acid, strain H66 also produced malic (ranging from 63 M to 296 M), acetic (ranging from 109 M to 1,979 M), and succinic (ranging from 43 M to 167 M) acids (Fig. 5) . Furthermore, strain H66 produced more gluconic acid (ranging from 59 M to 906 M) than strain CFN42 (ranging from 24 M to 336 M) in the low-or high-glucose medium. Notably, strain H66 produced more of the predominant gluconic and acetic acids in the low-glucose medium than in the high-glucose medium (Fig. 5) . The concentrations of the organic acids produced by strains H66 and CFN42 fluctuated with time during the mineral weathering processes. In the low-glucose medium, gluconic acid production reached a maximum peak at 3 days of incubation followed by a decline in gluconic acid production between 5 and 10 days of incubation and an increase in the gluconic acid production at 15 days of incubation in the presence of strain H66. In the presence of strain CFN42, gluconic acid production reached a minimum value at 3 days of incubation and reached a peak at the end of the experiment in the low-glucose medium (Fig. 5) . In the high-glucose medium, similar levels of gluconic acid production by strains H66 and CFN42 were observed during the mineral weathering processes (Fig. 5) . ) and high-glucose (5 g liter Ϫ1 ) media. Very few cells were observed on the mineral surface due to the significantly lower mineral surface adsorption of strain CFN42 than strain H66 or to the possibility that the cells of strain CFN42 were loosely adsorbed onto the mineral surface and were removed from the surface when washed in phosphate buffer and prepared for scanning electron microscope analysis.
The ability to form EPS and to produce them during mineral weathering differed significantly between strains H66 and CFN42 (Fig. 4 ). An insignificant release of EPS into the medium over time was found with strain H66, but significant releases of EPS were found with strain CFN42 in the low-and high-glucose media. Maximum EPS production by strain CFN42 was found on day 1 of incubation followed by a decline after 3 days of incubation. Thereafter, EPS production was stable between 5 and 15 days of incubation in the low-and highglucose media. The release of EPS into the medium increased 5.5-to 30.3-fold in the presence of strain CFN42 compared to that in the presence of strain H66 (Fig. 4) .
Correlation analysis.
The relationship between the ratios of cell numbers on the mineral surfaces to the total cell numbers and the dissolved Si, Al, and K concentrations was evaluated by RDA ( Fig. 6 ; see also Table S5 in the supplemental material). RDA showed strong correlation values between the ratios and the dissolved Si, Al, and K concentrations in the culture solution. Significantly positive correlations were found between the ratios and the dissolved Al and K concentrations (r ϭ 0.908 to 0.974 and P ϭ 0.002 for Al between 5 and 15 days of incubation; r ϭ 0.612 to 0.797 and P ϭ 0.002 for K between 3 and 10 days of incubation) (Fig. 6) . In addition, a significantly negative correlation between the ratio and the dissolved Si concentration (r ϭ Ϫ0.761 to 0.802 and P ϭ 0.002 between 3 and 5 days of incubation) was found (Fig. 6) . 
DISCUSSION
In this study, we examined the weathering of potash feldspar in the presence of two strains of rhizobium in Bushnell-Haas medium supplemented with low and high glucose concentrations in terms of bacterial adsorption to the mineral surface, aspects of their metabolic activities, their effectiveness, and the weathering patterns produced by each of them. A detailed understanding of the mineral weathering behaviors of rhizobia should allow us to better comprehend the roles of different rhizobia in silicate mineral weathering, element cycling, and soil formation in various soil environments. Our results showed the distinct mineral weathering behaviors of Rhizobium yantingense H66 and Rhizobium etli CFN42 and the effects of low and high glucose supplementation of BHm on weathering behaviors ( Fig. 1 to 5 ). The effectiveness of mineral weathering is dependent on the bacteria, their origin, and nutrition conditions (10, 31, 32) . Our mineral weathering experiment showed that strain H66 had greater element-mobilizing ability than strain CFN42 and had a significantly greater ability to mobilize the mineral-derived elements in the low-glucose medium than in the high-glucose medium (Fig. 1) . Balland et al. (31) found that bacteria isolated from soil horizons that were poor in carbon were more efficient in weathering micas than bacterial strains isolated from carbon-rich environments. Wang et al. (32) showed a greater effectiveness in the releases of Si, Al, and Fe by mineral-weathering bacteria in a medium containing low nutrition than in a medium containing high nutrition. The quantities and nature of the organic acids and EPS produced by bacteria play important roles in silicate mineral weathering (8, 9, 19, (31) (32) (33) . Our previous study showed that Rhizobium tropici Q34 promoted feldspar and biotite weathering through the productions of tartaric, succinic, and citric acids and polysaccharides in the culture medium (19) . In this study, Rhizobium yantingense H66 produced predominant gluconic and acetic acids but few exopolysaccharides during the potash feldspar weathering process in the lowglucose medium (Fig. 4 and 5) . Bacterial adhesion has also been considered to play an important role in bacterial mineral weathering (11, 13, 34, 35) . Strain H66 not only produced more and a greater range of organic acids but also had higher mineral surface adsorption ability than strain CFN42 at low and high initial glucose concentrations (Fig. 2, 3, and 5) . A significantly positive relationship between cell adsorption at the mineral surface and the mobilization of Al and K was observed in this study (Fig. 6) . It is noteworthy that significantly greater organic acid production and more extensive surface adsorption of strain H66 occurred in the low-glucose medium than in the high-glucose medium. It is likely that organic acid synthesis by some soil bacteria promotes mobilization of cationic inorganic constituents from the potash feldspar (14, 36) . A decline in the concentrations of the organic acids in the solution at midexperiment may be related to decreased syntheses of the organic acids by the strains (Fig. 5) . The above results suggest that significantly greater organic acid production and more extensive surface adsorption of strain H66 were responsible for the greater efficiency in mineral weathering compared to that of strain CFN42 in the low-or high-glucose medium. The significantly greater organic acid production and more extensive surface adsorption in the low-glucose medium may explain the greater mineral weathering in the presence of strain H66 in the low-glucose medium. Changes in the concentrations of the organic acids in the culture media and adsorption of the cells on the mineral surface during mineral weathering can account for the fluctuations in the dissolved element concentrations in the presence of strain H66 (Fig. 1, 3, and 5) . Notably, strain CFN42 released significantly more EPS into the medium than strain H66 ( Fig. 4) , suggesting that EPS released by strain CFN42 did not contribute to mineral weathering (33) .
The mineral dissolution was nonstoichiometric with respect to Si, Al, and K releases in this study (the releases of Si, Al, and K from the potash feldspar did not occur in the proportion of Si, Al, and K in the mineral). The decrease in Si and Al releases from potash feldspar by strain H66 at the end of the experiment suggests a possible role of the rhizobium in the transformation of primary minerals into clay minerals or other secondary minerals ( Fig. 1 ) (37). Dopson et al. (38) identified secondary minerals (jarosite) during augite and hornblende dissolutions in the presence of microorganisms. The quantities of K released by strains H66 or CFN42 at an initial high glucose concentration were significantly lower than those released in the control (uninoculated medium). The dissolved K concentration in the culture medium at the end of the experiment with the low-glucose medium was significantly higher in the presence of the rhizobia than in their absence (Fig.  1) . A possible explanation for the fluctuation of the dissolved K concentration is that the mobilized K may be adsorbed by the mineral surface and the cell walls or utilized by the cells during the experiment and that K was gradually released from the mineral surface and the cells after the cells began to die off later in the experiment ( Fig. 1 and 3 ). The results above suggested that the element release rates were dependent on the bacteria, the minerals, and the nutrition levels.
Notably, although the two rhizobium strains used glucose at similar rates in our experiment (Fig. 4) , strain H66 produced a greater variety of organic acids than strain CFN42 (Fig. 5) , suggesting a greater metabolic diversity of glucose metabolism in strain H66. In general, bacteria increase the rate of silicate mineral dissolution through proton-and ligand-promoted dissolution mechanisms (1, 31) . Strain H66 produced a large pH change (ranging from 4.90 to 6.21) and produced more organic acids than strain CFN42 during the mineral dissolution experiment (Fig. 1) , suggesting that the increased dissolved Si, Al, and K in the culture medium may have been caused by proton-and ligand-promoted dissolution mechanisms (31) . Strain CFN42 produced a small pH change (ranging from 5.59 to 6.41) during the mineral dissolution experiment (Fig. 1) , suggesting that the dissolved Si and Al in the culture medium may have been caused by ligand-promoted dissolution mechanisms (31) .
FIG 6
RDA analysis of the relationship between the ratio of the cell numbers on the mineral surface to the total cell numbers (including bacterial cell numbers on the mineral surface and in the culture medium) and element (Si, Al, and K) releases during mineral weathering in the presence of strains H66 and CFN42 in low-glucose (1 g liter Ϫ1 ) and high-glucose (5 g liter Ϫ1 ) media.
In conclusion, our findings indicate that Rhizobium yantingense H66 caused a greater dissolution of elements from potash feldspar than Rhizobium etli CFN42, which was evidenced by (i) higher dissolutions of Si, Al, and K, (ii) a greater decrease in pH in the liquid growth medium, (iii) higher production of organic acids, and (iv) relatively higher adsorption by the mineral surface. The potash feldspar dissolution was promoted by acidification and complexation processes by Rhizobium yantingense H66 and by acidification processes by Rhizobium etli CFN42. The fluctuations in element release from potash feldspar corresponded to the changes in the production of organic acids and the mineral surface adsorption ability during the mineral weathering process in the presence of the two rhizobia. Notably, the higher production of organic acids and the mineral surface adsorption ability of Rhizobium yantingense H66 may have been responsible for the higher mineral-weathering effectiveness in the low-glucose medium. This work provided more specific details regarding the mechanisms behind the interactions between rhizobia and silicate minerals and a deeper understanding of the role of rhizobia in silicate mineral weathering and in soil formations in various environments than have been available.
